Rheology is the study of the deformation and the flow of matter. In the present communication this science is applied to the human joint, its motion, and the forces resisting joint motion.
The techniques used to measure joint stiffness have long been used by physicists, physical chemists, and engineers in studying the stiffness of a wide range of materials. Such studies have been of particular use in two areas: They have provided a quantitative measure of stiffness in precise physical terms, and they have defined qualitatively the different parameters contributing to total stiffness. This latter type of analysis has been important, for example, in studies of the cross-linking in elastic polymers.
Both types of study have been employed in this investigation. Rheological techniques have been used to measure alterations in joint stiffness produced by physiological changes, pathological disorders, and therapeutic methods, and it is expected that a detailed study of the parameters contributing to total stiffness will give information on alterations in the materials of which joints are made.
Methods
The apparatus used has been described in detail elsewhere (Wright and Johns, 1960a) . In principle, the force required to impose a given motion on the joint was recorded; this was the force required to overcome joint stiffness. The second metacarpophalangeal joint was moved sinusoidally at various amplitudes and frequencies of rotation. The torque (in gram-centimetres) required to impose this motion was displayed * This work was aided by grant B-894 (C3) Medicine, General Infirmary, Leeds. § Kenny Foundation Scholar.
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on both vertical axes of a dual beam cathode ray oscilloscope. The amplitude of rotational displacement (in radians) was displayed on the horizontal axis of one beam, and the rotational velocity (in radians per second) on the horizontal axis of the other beam. Loops relating torque to displacement and torque to velocity were thus traced on the oscilloscope, and representative displays were photographed. These data were obtained in part by using the apparatus originally described in which the sinusoidal motion was derived from a pendulum, and in part by a crank driven by a variable speed motor (Fig. 1 ). This modification permitted investigation of a wider range of frequencies (0 003 to 3 cycles per second), velocities (15 radians per second, maximum), and accelerations (280 radians per second', maximum).
Great care was taken in aligning the axes of rotation of the joint and the apparatus. Alignment was facilitated by an indicator extending from the finger holder to the axis of rotation of the finger (Fig. 2) . Any toggle action was shown by the needle moving off centre, its tip being stationary when the joint was perfectly aligned. When these precautions were taken reproducibility of results was good. Measurements from series of records taken without moving the hand had a coefficient of variation of ± 1 -5 per cent. When the hand was removed from the apparatus and then replaced measurements showed a coefficient of variation of ± 3 9 per cent.
Theoretical Considerations
Five types of stiffness were studied: elastic, viscous, inertial, frictional, and plastic.
(1) An elastic substance is one in which the stress (deforming force, or in this instance torque) is a function of the strain (deformation, or in this instance rotation). This is exemplified by an ideal spring in which the relationship is linear (Hookean, Fig. 3a ), or by a rubber band in which the relationship is non-linear (nonHookean, Fig. 3b) (2) A viscous substance is one in which the stress (torque) is a function of the velocity. This is exemplified by a plate moving through an ideal viscous substance (Fig. 3d) ; the slope of the line relating torque and velocity measures the viscous stiffness (gram-centimetres/radian per second). There are both linear (Newtonian) and non-linear (non-Newtonian) cases.
(3) Inertial stiffness is exemplified by a mass moving on frictionless bearings (Fig. 3c) . The force producing the motion is a function of the acceleration, and inertial stiffness is in this instance measured in terms of gramcentimetres/radian per second2.
(4) Torques due to frictional stiffness (Coulomb friction) are independent of displacement and velocity (Fig. 3f) Results in Normal Subjects A tracing relating torque and rotation from which elastic stiffness could be determined is shown in Fig. 4 . The elasticity was non-linear in character. That the tracing was a loop and not a line was due to the presence of viscous and plastic stiffness.
The slopes (gram-centimetres/radian) at full flexion and extension were measured by the slopes of the lines connecting the points of maximum amplitude with the origin (Fig.  5 , Slopes A and B).
As will be discussed, further studies revealed that this stiffness at maximum amplitude could not be ascribed entirely to elastic effects. So while these slopes provided a convenient index of elastic stiffness (steeper slopes indicating greater stiffness), they will be called stiffness at maximum flexion or extension rather than elastic stiffness at flexion or extension.
Measurements showed that elastic stiffness increased significantly at greater amplitude of rotation ( A tracing relating torque and rotational velocity is shown in Fig. 4 . Viscous stiffness (gramcentimetres/radians per second) was determined by measuring the torque at maximum velocity. In sinusoidal motion, maximum velocity occurs at zero displacement, thus this torque was developed when the joint was in its mid position and was the torque required to overcome the sum of viscous stiffness and plastic stiffness.
Viscous stiffness was much smaller than elastic stiffness. The torque required to overcome total stiffness at maximum velocity was only one-tenth that needed to overcome elastic stiffness, and only a portion of this total stiffness was viscous stiffness.
In normal joints no torques attributable to friction could be demonstrated, even when a filter attenuating low frequencies was interposed in the torque measuring circuit. Such a filter permitted a 20-fold increase in amplification of torque by attenuating torques due to elasticity and viscosity whose fundamental frequencies were below 10 c.p.s.
A study of inertial stiffness independent of other types of stiffness was possible by substituting for the finger a cylinder of the same configuration and mass (27-2 g.). At accelerations below 56 radians per second2 no torque due to inertial stiffness was measurable. Acceleration depends upon both frequency and amplitude of rotation. At maximum amplitude of rotation (±470, or ±00-833 radians) this acceleration is reached at a frequency of 1-3 c.p.s. At the usual amplitude (±290, or ±0 50 radians) a frequency of 1-7 c.p.s. is required to achieve an acceleration of 56 radians per second2.
Stiffness was also studied under transient rather than cyclical conditions. That is to say, the joint ci so Mo was displaced from the neutral position and held there, as opposed to the previously described methods in which the amplitude varied sinusoidally. Torque was recorded as a function of time on moving photographic film. Studies in all normal subjects revealed prominent stress relaxation (Fig. 7) . Torque, or stress, waned with the passage of time. The final torque remaining after stress relaxation had run its course was solely attributable to elastic stiffness. The difference between the initial and final torque was due to viscous and plastic stiffness. Elastic stiffness accounted for upwards of one half the total stiffness at maximum amplitude (Fig. 6) .
Physiological Variations
Sex.-31 men were paired with 31 women of the same age (within one year) and their stiffness compared. There was a highly significant difference between the stiffness in the men and in the women, the men showing greater stiffness (Table I) . Age.-There were significant differences in stiffness with age. Records from three females aged 6, 28, and 66 years are shown in Fig. 8 . There was progressive increase of stiffness with advancing age as indicated by the steeper slopes of the curves.
Temperature.-To determine the effect of cold, three experiments were done on two subjects, in which the hand was immersed in ice water until the skin temperature fell to 180 C. The temperature of the forearm muscles remained constant (recorded from an intramuscular thermistor needle). There was a 10 to 20 per cent. increase in stiffness on cooling.
To determine the effect of heat, the second metacarpophalangeal joints of two subjects were painted black and irradiated by an infra-red lamp to a surface temperature of 450 C. while the surrounding tissue was shielded by aluminium foil. Stiffness was measured at this temperature and at intervals as the temperature fell to normal. There was a 20 cent. decrease in stiffness at 450 C. compared with the stiffness at 330 C. (Table II) . Effect of Oedema.-To investigate the influence of local oedema, saline was injected in the region of the joint capsule and the effect on joint stiffness was measured. Two control series of tracings were recorded; then 1 ml. was injected over the extensor aspect, followed by further 3 ml. in this region; then 4 ml. were injected over the flexor aspect. After each injection a series of tracings was photographed at low (0-1 c.p.s.), medium (1 c.p.s.) and high frequencies (1 3 c.p.s.) of rotation. After injection of 1 ml. into the extensor surface there was a 13 per cent. increase in stiffness on extension (Fig. 9) . The injection of a further 3 ml. produced no further increase in stiffness. The injection of 4 ml. into the flexor aspect produced a 33 per cent. increase in stiffness on flexion and a 9 per cent. increase on extension. The same relationship was present at all frequencies of rotation.
Connective Tissue Diseases Increased Stiffness. It was of interest that in arthritic joints the relation between elastic, viscous, and frictional stiffness was the same as in normal joints. Only in severely damaged joints which showed marked clinical and radiographic deterioration could friction be demonstrated (Fig. 10) .
Even in these joints frictional stiffness did not contribute significantly to joint stiffness, the major component being increased elastic stiffness (Table  1I) . Forces due to elasticity and viscosity have been attenuated to permit a 20-fold increase in the force scale (see text). The increased amplification fails to reveal irregular forces ascribable to friction in the normal joint, but these are readily apparent in the badly damaged joint.
directly caused increased joint stiffness subjectively and objectively. Two white women, both aged 39 years, who complained of stiffness of the hands, showed changes of systemic sclerosis on examination.
The process was more advanced in one than in the other, but both showed elastic stiffness considerably greater than normal white women of their age (Table IV) . These changes were less marked in patients with Marfan's syndrome. In the six patients studied the results were not significantly different from those in groups of normal subjects of comparable age.
Discussion
Joint stiffness has previously been measured by inexact methods, ranging from the subjective feeling of the patient (Cobb, Warren, Merchant, and Thompson, 1957) to the limitation of motion demonstrable by the observer (Ellis and Bundick, 1956; Williams, 1957 ). An extensive review of the literature has revealed that little has been done to measure joint stiffness with precision, either quantitatively or qualitatively (Wright and Johns, 1960b) . We have described a method of assessing joint stiffness quantitatively in precise physical terms. Furthermore, the method characterizes the nature of the stiffness qualitatively by the physical terms elastic, viscous, frictional, inertial, and plastic (Wright and Johns, 1960b (torque) required to overcome the various types of stiffness at physiological speeds. In normal subjects the force required to overcome elastic and plastic stiffness is the most important, accounting for 90 per cent. of the total force required. Viscous stiffness ranks next in order of importance (9 per cent.), while inertial stiffness is negligible at the accelerations used. Indirect measurement has shown that, at the maximum acceleration used for the measurement of elastic stiffness in these experiments (17-3 radians per second2), the torque required to overcome inertial stiffness is one-hundredth of that needed to overcome elastic stiffness (Wright and Johns, 1960a) . No friction is demonstrable in normal joints.
The joint, in common with other visco-elastic substances, exhibits non-linear elasticity. Increasing stiffness is observed with greater amplitudes of rotation. This may be due to the property (well exemplified in a rubber band) of the capsule becoming stiffer the further it is stretched. It may, however, be due to the fact that stiff elastic elements, such as ligaments and joint capsule, may be slack until the extremes of joint motion are approached. The anatomy of the metacarpophalangeal joint with the tight apposition of tendons forming an integral part of the joint capsule suggests that the former explanation is probably the correct one.
Stress relaxation is easily demonstrable. With abrupt movements of the joint, the total force wanes with the passage of time due to stress relaxation. The reduction in force is more rapid at first, and becomes progressively slower. As infinite time is approached, only elastic force remains. Comparison of the initial with the final force indicates that under these circumstances elasticity contributes approximately half the total stiffness and plasticity together with some viscosity the remainder. Thus, the major single component in the stiffness of the normal joint is elasticity.
Physiological Variations.-There are marked differences in stiffness between the sexes, men being significantly stiffer than women. Since stiffness is expressed per joint, and since the joints of men are larger than those of women, joint size may in part explain this difference.
With advancing age differences in stiffness are apparent. The older the subjects, the more stiff they become. Again, joint size may contribute to the changes observed up to attainment of maturity. Size cannot explain increases in stiffness occurring after maturity. These increases may be related to changes in collagen of which the joint capsule is largely composed. It is well known that there is alteration of collagen with advancing age, shown by increase in fibril width (Gross, 1950) , greater thermal contraction (Verzair, 1957) , decreased susceptibility to collagenase (Keech, 1955; Tunbridge, 1957) and increased cross-linking (Verzair, 1957) .
The effect of temperature changes localized to the joint is shown by increased stiffness at lower temperatures and decreased stiffness at higher temperatures. The latter effect probably accounts for the subjective benefit derived by arthritic patients from local heat such as paraffin-wax baths.
The contention that a significant part of the stiffness measured at the joint is attributable to the joint itself is supported by these results. Here local temperature changes in the joint produce clear changes in stiffness while the temperature of more remote structures such as muscles remains constant.
The ability of changes localized to the region of the joint to produce changes in joint stiffness is further exemplified by the effect of the injection of saline in the region of the joint capsule. Elastic stiffness was increased by an injection of 1 to 4 ml. subcutaneously. The fact that saline injected into the extensor aspect caused an increase in stiffness on extension rather than on flexion, and that saline injected into the flexor surface caused a greater increase in stiffness on flexion than on extension suggests that the effect is largely mechanical. These results illustrate the role that oedema may play in the stiffness of inflammatory arthritis. They also raise the possibility that oedema is responsible for the morning stiffness which is so characteristic a feature of rheumatoid arthritis, although other of our studies suggest that this is more likely to be a phenomenon of muscle weakness than of joint stiffness (Wright, 1959) .
Connective Tissue Disorders.-It was surprising to find that in arthritic disorders elastic, viscous, and frictional stiffness maintain the same relative importance as in normal subjects. Even in the most badly-damaged joints the force required to overcome frictional stiffness accounts for only 1 per cent. of the overall stiffness. Similarly, although viscous stiffness is slightly increased, the force required to overcome it amounts to only 9 per cent. of the force required to overcome overall stiffness. It is of interest that not only patients with active rheumatoid arthritis but also some with inactive disease show increased elastic stiffness at the joint. This is probably due to residual changes in the joint capsule. The cause of the stiffness experienced by patients with degenerative joint disease is apparently due to changes in the joint capsule, whether primary or secondary, and not to damaged joint surfaces, for increased elastic stiffness is the major factor in this joint stiffness.
Involvement of tissue surrounding the joint capsule may influence joint stiffness. Thus it is probably involvement of skin and subcutaneous tissue in patients with systemic sclerosis which produces the marked increase in elastic stiffness. There was no radiological evidence of bone or joint involvement in our patients, although little is known about changes in the joint capsule in this disease.
Decreased elastic stiffness was noted in certain hereditary connective tissue disorders, such as Ehlers-Danlos syndrome and Marfan's syndrome.
More detailed studies of the elastic stiffness and stress relaxation may yield information concerning the site of the basic lesion in these diseases, a subject about which there is remarkable confusion (Jansen, 1955; McKusick, 1959) . Some of this confusion may have arisen from the clinical practice of first stating that the skin of patients with such disorders shows increased elasticity (Jansen, 1955; Zaidi, 1959) and then discussing the pathological lesion in terms of the physical causes of hyperelasticity.
In fact, in physical terms, the skin shows decreased elasticity (or elastic stiffness).
Summary
Using a method of measuring joint stiffness in precise physical terms, it has been shown that in normal and arthritic joints elastic stiffness is the major component in overall joint stiffness. There is significant plastic stiffness. Frictional and inertial stiffness are negligible, and viscous stiffness is small.
A study of 62 white subjects without arthritis showed a significantly increased elastic stiffness in men, and increasing stiffness with advancing age in all subjects. Increased stiffness is produced by cooling the joint, by the injection of saline around the capsule, in patients with active rheumatoid arthritis and in some with inactive disease. Increased stiffness is also found in chronic tophaceous gout involving the joint and in systemic sclerosis.
Decreased stiffness follows the warming of the joint, and is also found in certain hereditary connective tissue disorders. Aumento de la rigidez por enfriamiento de la articulaci6n (por inyecci6n pericapsular de suero salino) se presenta en enfermos con artritis reumatoide evolutiva y en algunos en periodo de remisi6n. Aumento de la rigidez apareci6 tambien en casos de gota tofacea cr6nica afectando la articulaci6n estudiada y en esclerosis generalizada.
Disminuci6n de la rigidez aparece despues del calentamiento de la articulaci6n y tambien en determinadas afecciones hereditarias del tejido conectivo.
